We have performed small-angle X-ray scattering with a synchrotron source on dilute suspensions of colloidal spheres of polystyrene latex, Stöber silica, and microemulsion-grown silica. Many interference fringes are observed of the monodisperse particles over a large range of scattering vectors and more than 5 orders of magnitude in intensity. We present a straightforward method to deduce the radii, the size polydispersity, and the interface thickness of the particles from a Porod plot of one and the same in situ measurement. The radii agree very well with static light-scattering data. The radii are larger than the electron microscopy data of dry spheres and smaller than the hydrodynamic radii from dynamic lightscattering data. The size polydispersities are smaller than those obtained by electron microscopy, which is well explained by the intrinsic random errors of electron microscopy. We find that nearly all the particles have a homogeneous internal density and a sharp interface with the suspending medium of less than 1 nm wide. In one case of a stepwise synthesized particle, we have discerned a dense core and a less-dense shell, without contrast matching with the suspending liquid. It is concluded that synchrotron small-angle X-ray scattering is a very powerful technique for the in situ study of colloidal systems.
I. Introduction
Suspensions of monodisperse colloidal particles offer many exciting scientific opportunities.
1-3 They are of interest in their own right, because of their mesoscopic dimensions (10 nm to 1 µm) and their unique type of interactions.
2 Furthermore, because their behavior can under some circumstances be considered analogous to that of microscopic atomic systems, colloidal systems permit us to study certain phenomena (crystallization, glass transition) at experimentally much more convenient time and length scales. Last but not least, colloids are promising systems from an applied point of view, especially in optics, 4,5 since their typical length scale is of the order of optical wavelengths. The possibility of creating a photonic band gap 6,7 is just one fascinating illustration of the appealing prospects of optically multiple-scattering colloidal crystals. [8] [9] [10] [11] [12] In all cases an accurate determination of the size and structure of colloidal particles is crucial when it comes to comparing theory and experiment. Therefore, we present in this paper a synchrotron smallangle X-ray scattering (synchrotron SAXS) study of colloidal particles that are widely used, namely polystyrene latex and two types of silica spheres. Although the use of X-ray scattering for characterizing colloids has been known already since the early 1950's, [13] [14] [15] [16] [17] [18] it does not seem to have found widespread application, in spite of the fact that SAXS has several major advantages: it probes a wide range of length scales, it allows us to probe inside the particles, the method is in situ, and it does not suffer from multiple scattering. Moreover, knowledge of the scattering from individual particles is of critical importance for the interpretation of scattering from groups of particles, e.g. colloidal crystals (see Figure 1) . 10, 11 A multitude of methods other than SAXS, such as light scattering, sedimentation, and microscopy, are used to determine the properties of small particles. 1, 19 In static light scattering (SLS), the scattered intensity of visible light is measured. The resulting diffraction patterns are compared to a model to determine the particle size. A disadvantage of the method is the lack of structure in the scattering pattern for radii below about 120 nm. As a result, it is impossible to deduce information about the internal structure of the spheres. Another commonly used technique is dynamic light scattering (DLS), 20 which is based on measuring the Doppler shifts due to Brownian motion of spheres in a liquid. Essentially one determines a diffusion constant, from which the radius can be obtained if the viscosity of the liquid and the shape of the particles are known. 21 Whether this is the true radius or a slightly larger 'hydrodynamic' radius depends on the presence of surfactants, salts, and the volume fraction of the colloid. 22 In addition to the radius, the size polydispersity can be determined from DLS measurements, [21] [22] [23] but by the nature of the method, DLS is not sensitive to the internal structure of the spheres. In sedimentation methods, one uses the fact that the sedimentation rate depends on the sphere size. The radius and polydispersity are determined directly from the sedimentation rate or from the density profile as a function of height. A different approach is to image individual spheres directly. This has the advantage that the size distribution is immediately obtained and that possibly coagulated particles can be detected. Optical microscopy is of course not suited for the purpose because the resolving power is insufficient for particles with a size on the order of a wavelength, but electron microscopy is appropriate. Unfortunately, for TEM one has to dry the samples and the spheres shrink in the process, by up to 10%. 24, 25 Also the electrons sometimes degrade the material, 1,24 a phenomenon which is especially clear for polystyrene spheres, which seem to melt. Obviously these effects seriously hamper the accurate determination of sizes. A disadvantage of all methods mentioned is that they are not in situ techniques. To probe inside the spheres, it is necessary to use a wavelength which is short compared to the size of the spheres. Scattering will then be predominantly in the forward direction: hence the designation 'small-angle scattering'. [16] [17] [18] 26 Traditionally, colloidal systems are studied with small-angle neutron scattering (SANS), 27 whereas SAXS is much less used. 28 Nevertheless the potentials of SAXS have been demonstrated by Ballauff et al. [29] [30] [31] [32] [33] and in the use of ultrasmall-angle scattering by e.g. Dosho et al. 34 Surprisingly, hardly any use seems to have been made of synchrotron sources, except for the pioneering work of Sirota et al. 35 and Chang et al. 36 Modern synchrotron sources 18,37 have a high brilliance, so the acquisition time can be short (minutes); they deliver a highly monochromatic beam which is tightly collimated and has a narrow focus, so the angular resolution is high. In combination with the high dynamic range of the detector, this makes synchrotron SAXS an ideal tool for the study of colloidal systems. In the following sections we will demonstrate the strong capabilities of synchrotron SAXS regarding the characterization of nearly monodisperse colloidal spheres. We will compare SAXS radii with SLS, DLS, and TEM results, and we show that there is an especially simple way to determine small polydispersities using SAXS. In section II, we outline the experimental details, results are discussed in section III, and conclusions are drawn in section IV.
II. Experiment
Small-angle X-ray scattering measurements were done on beam line 4 (ID2) of the European Synchrotron Radiation Facility (ESRF) in Grenoble. 37 The X-ray beam is highly monochromatic (∆λ/λ ≈ 1.5 × 10 -4 ), is tightly collimated (beam divergence of about 30 µrad), and has a narrow focus (0.6 × 0.3 mm 2 ). The beamline is equipped with a two-dimensional gas-filled detector. Two-dimensional detection is invaluable when looking at anisotropic particles in external fields 38 or at the colloidal crystals that we are interested in 10,11 (see Figure 1) . The two-dimensional detector of 18 cm diameter was positioned at the maximum distance of 10 m from the sample. Measurements were done in two runs, the first at a wavelength of λ ) 0.147 25 nm and the second at λ ) 0.098 80 nm, yielding a smallest accessible scattering vector s ) 2 sin θ/λ of approximately 3 × 10 6 or 5 × 10 6 m -1 , respectively, where 2θ is the scattering angle. The resolving power ∆s is 5.5 × 10 5 or 7.5 × 10 5 m -1 , respectively. At the maximum sample-detector distance, the largest observable wave vector is over 8 × 10 7 m -1 .
Several different kinds of colloidal particles of various radii were used. Silica spheres were grown by Stöber synthesis 39 or by polymerization in a microemulsion 40, 42 ). The dark bar extending from the center to the right in both patterns is caused by the beam stop. The concentric rings in both patterns are a consequence of the form factor of the particles. The narrow peaks in the crystal diffraction pattern indicate that there is long-range order in the sample. Dividing the pattern from the crystal by the pattern from the suspension yields the structure factor F, in which the influence of particle shape has been eliminated. colloids were obtained from Duke Scientific or kindly provided by Jan Verhoeven. 45 The particles were suspended in various solvents (water, methanol, ethanol, or dimethylformamide) by successively diluting and centrifuging. The final volume fraction of the diluted suspensions was usually 0.1% or less.
The colloidal suspensions were sealed in glass capillaries. For this purpose we employed 2 mm diameter round capillaries with 0.01 mm thin walls (Hilgenberg) and flat capillaries with a 0.3 or 0.4 mm inside path length and 0.3 mm thick walls (Vitro Dynamics). Because colloidal crystals usually have their closepacked planes parallel to the wall of the capillary, it is advantageous to use flat capillaries. Therefore we have also tried to measure diffraction patterns from dilute suspensions in the flat, thick-walled capillaries, but this resulted in a much higher background. 46 Most of the results discussed in section III were taken with thin-walled capillaries.
The raw diffraction pattern was corrected for the detector efficiency distribution which has been determined using the isotropic fluorescence radiation from a Sr-doped glass. 47 Absolute scattering intensities have been obtained by using a calibrated Lupolen polymer sample as a reference. We have obtained the differential scattering cross section per unit volume dI/dV by dividing the number of counts in a detector pixel by the number of incident photons, the solid angle subtended by the detector pixel, the transmission of the sample, and the thickness of the colloidal dispersion. Background intensities, caused by scattering from the capillary, from the window of the detector vacuum chamber, and from the beam stop, were determined by separate measurements on empty capillaries and subtracted. 48 The differential cross sections were azimuthally averaged to take full advantage of the acquired data. The typical integration time was 600s, which yields about 10 8 counts on the detector.
As an illustration, Figure 1 shows two measured diffraction patterns, one from a dilute suspension and another from a colloidal crystal of polystyrene spheres in methanol. The pattern from the dilute suspension (form factor F 2 ) consists of concentric rings, while the pattern from the crystal shows several narrow peaks (structure factor F 49 ), multiplied by the same rings as in the pattern of the suspension. The narrow peaks in the structure factor indicate that there is long-range order in the sample over distances of several tenths of millimeters. The figure clearly shows the advantage of two-dimensional detection: the information about the azimuthal position of the peaks is obviously lost in the case of a lower dimensional detector. As will be explained below, the form factor provides valuable information about the size and internal structure (edge thickness, density gradients) of colloidal spheres, information that is difficult or impossible to obtain by other means, e.g. visible light scattering or electron microscopy. Moreover, form factor measurements are essential when studying colloidal crystals, since they enable us to extract structure factors from diffraction patterns of crystals. 10, 11, 27 
III. Results and Discussion
A. Particle Radii. Figure 2 shows the experimentally determined scattering cross section as a function of scattering vector s for dilute suspensions of the different kinds of particles studied: polystyrene, Stöber grown silica, and microemulsion-grown silica spheres. The cross sections vary over more than 5 orders of magnitude. The theoretical differential scattering cross section for a single homogeneous sphere with a sharp edge (i.e. the form factor) is [16] [17] [18] where Φ(x) is given in terms of the spherical Bessel (48) In the subtraction, the measured intensities were weighed by the transmission of the sample and the incident flux. To correct for the contributions from scattering by inhomogeneities inside the particles (fluctuation-induced scattering) and scattering by the suspending liquid, we adjusted the weighing factor slightly such that the final cross sections were positive for the measured range of s. Because the required changes in weighing factor are so small, this corresponds to subtracting a constant in the range of s where the subtraction has a significant influence.
( (µEc1); (c) Stöber-grown silica in water (SC200). The presence of a large number of fringes indicates that the sizes of the spheres are highly monodisperse. The solid lines are model curves for spheres of homogeneous internal density. The inset shows the cross section as a function of s 2 , at low s (Guinier-plot). The dashed lines with a slope of (2πr) 2 /5 have been drawn using the radii deduced from the fringe period.
function j 1
Here I e is the differential cross section for forward scattering from a single electron (a constant), r is the radius of the sphere, N e ) 4 / 3 πr 3 n e , and n e is the excess electron density, i.e. the difference between the local electron density n(r) and the average electron density of the sample. The interference of contributions from different parts of the particle gives rise to fringes in the scattering cross section as a function of s, that are clearly illustrated in Figure 2 . The presence of a large number of fringes indicates that the spheres are nearly monodisperse, because even a moderate (∼10%) size polydispersity (standard deviation of the radius divided by the mean) almost completely washes out the fringes. A common way to extract the radius and polydispersity 18, 27, [29] [30] [31] 36, 50 is to fit a model to the data, i.e. to minimize the deviations between the measured data and a calculated model curve in a least-squares sense, by varying the parameters of the model. However, more insight can be gained by presenting the data in a Porod plot (Figure 3) , i.e. multiplied by s 4 and on a linear scale. For perfect spheres the resulting curves should go like cos(4πsr) at large sr (see eqs 1 and 2). The experimental curves indeed look like a cosine, but the oscillations gradually decrease with increasing s, as a consequence of the polydispersity of the spheres. The positions of the minima and maxima in the Porod plot are determined by the average sphere radius and hardly affected by a small polydispersity. Hence, the radius of the spheres can be very accurately determined by plotting the positions of the minima and maxima. The resulting plot for the polystyrene spheres is shown in Figure 4 . The slope of the line corresponds to half the inverse radius. We have obtained a radius of the spheres in suspension of r ) 100.9 ( 0.5 nm, close to the radius specified by the manufacturer (Duke Scientific), r ) 99 nm. The errors in the radii thus determined are on the order of only 0.5%, which clearly demonstrates the potential of the method.
We have obtained the radii for many dilute colloidal systems of nearly monodisperse spheres using synchrotron SAXS. The natures of the various systems, along with radii determined by other methods and the polydispersity, are summarized in Table 1 . For some colloids we have measured the radius in several solvents. The radii were identical within experimental uncertainty, 51 which indicates that the spheres do not swell in the liquids that we have used.
A comparison between the results of SAXS and the other techniques, SLS, TEM, and DLS, is shown in Figure 5 . We have plotted the ratios of the radii measured by the other techniques to the SAXS radii, as a function of SAXS radius. The radii determined by SAXS for the polystyrene systems are in excellent agreement with the radii specified by Duke Scientific. Furthermore, the radii obtained by SLS closely correspond to the SAXS radii, as expected because SLS and SAXS are basically the same techniques. 26 We take the excellent agreement as a validation of the SAXS technique. The relative error between SLS and SAXS radii is on the order of 3%, which is mainly due to the uncertainty in the SLS determination. Therefore the estimated uncertainties in the SLS radii are in agreement with the variation around the SAXS values shown in Figure 5 , except for the SBE1/A6 system. The radii determined by TEM are systematically on the order of 10% lower than the SAXS and SLS results. This is probably because the spheres shrink when they are dried and bombarded with electrons in a TEM experiment. There is considerable variation in the TEM radii. One would expect that TEM radii can be determined with high accuracy, because it is possible to determine quite small polydispersities (down to a few percent) with TEM. The (50) Pedersen, J. S. J. Appl. Crystallogr. 1994, 27, 595. (51) One exception is the silica system SC200, which appears to be 3% larger in ethanol than in water or dimethylformamide. The radius of the SC200 system in ethanol was reproduced in two different runs. We have no explanation for this difference. (µEc1); (c) Stöber-grown silica in water (SC200). The polydispersity can be determined from the fringe amplitude (arrow) as a function of s. If the scattering cross section is multiplied by (2/9)(2πsr) 4 instead of s 4 , then the average height of the fringes (dotted line) yields the cross section in the forward direction (s ) 0), cf. inset in Figure 2 . The solid lines are model curves for spheres of homogeneous internal density, taking into account size polydispersity and detector blurring.
variation suggests that different colloidal systems shrink by different amounts. The DLS radii tend to be higher than the radii determined by the other methods. This has been observed previously; 36 possibly the spheres drag some extra liquid along with them, for instance due to interactions with counterions which are in solution. Furthermore, there is a considerable variation in the DLS data, on the order of 10%. It has been shown previously that the DLS radius is rather sensitive to the presence of surfactants, salts, and the volume fraction of the colloid, 22 which may explain the variation in the DLS data. However, if one makes every effort, it is possible to determine very accurate radii using DLS. 23 This is clearly demonstrated by the excellent agreement between SAXS radii and the results of Duke Scientific (particles labeled "PS" in Figure 5 ), which were obtained by DLS.
B. Size Polydispersity. For perfectly monodisperse spheres, the curves in Figure 3 should go like 1 + cos(4πsr) at large sr, but the amplitude of the modulations is slightly lower and decreases with increasing s. This is mainly a consequence of the polydispersity of the spheres: the form factors of spheres with different radii are identical, but the horizontal scale is different. The scattered intensities of individual spheres add, but with the fringes shifted, so the fringes average out. The fringes at high s are shifted more (in the absolute sense), so they average out more easily. Thus the decrease of the fringe amplitude is a measure of the polydispersity.
In a dilute suspension of non-interacting particles, the scattered intensity is the sum of intensities scattered by the individual particles, so the form factor should be averaged over the distribution of radii D(r); i.e., I(s) ) ∫dr Figure 3a) versus the order of the minimum (n) or maximum (n + 1 /2). The slope of the fit (solid line) yields the radius, r ) 100.9 ( 0.5 nm, in excellent agreement with the value specified by the manufacturer (99 nm, Duke Scientific). The lower panel shows the small difference between the data points and the fit in the upper panel. Note that the simple straight line is not expected to accurately predict the position of the first maximum (leftmost data point). 
I(s,r) D(r).
A number of distributions have been proposed, for example the log-normal distribution, the Schulz distribution, 23, 52 and the k-th order logarithmic distributions. 53 If the polydispersity is small however, these distributions all closely resemble a Gaussian distribution. For a Gaussian distribution, the average cross section can be calculated analytically. If we assume that the electron density n is the same for all spheres, it appears that the oscillating terms in Φ 2 decrease with a factor exp (-2(2πsrδ) 2 ), where δ is the polydispersity, i.e. the standard deviation of the radius divided by the mean. This is a very useful result, because it provides a straightforward method to determine the polydispersity from the amplitudes of the fringes in a Porod plot, as we will demonstrate below shortly. Previously, it has been tried to determine the polydispersity from logarithmic plots of the scattering cross section; it is well-known that size polydispersity affects the depth of the minima in such plots. 17 The method that we present here involves a Porod plot instead. To our knowledge, this method for determining polydispersity has not been noticed before, in spite of the fact that it is both quantitative and convenient.
In Figure 6 we have plotted the amplitude of the fringes in Figure 3a (polystyrene spheres) as a function of (sr) 2 . Such a semilogarithmic plot should give a straight line, except at low s, near the first maximum in the Porod plot.
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Indeed the fringe amplitudes in Figure 6 agree with a straight line. From the slope of the line we find a polydispersity δ ) ∆r/r ) 2.3 ( 0.3%, which is in excellent agreement with the polydispersity specified by Duke Scientific, δ ) 2.1%. It shows that SAXS is well suited to accurately determine small polydispersities (below 5%) that can now be routinely reached with refined particle synthesis methods.
There are several experimental effects which may also affect the amplitude of the fringes in Figure 3 , namely the polychromaticity of the X-rays, the finite focus spot size, the beam divergence, and the finite detector resolution. Only one imperfection has the same influence as a polydispersity of the spheres: the deviation from monochromaticity of the X-rays. Fortunately, the relative spectral width of the source is approximately 1.5 × 10 -4 , which is completely negligible compared to the polydispersities of colloidal dispersions (>10 -2 ). For comparison, in small-angle neutron scattering (SANS) the relative spectral width is often of the order of 0.1; hence, this completely dominates the polydispersity of the spheres. The other effects, i.e. the focus size at the sample, the beam divergence, and the finite detector resolution, all affect the fringes in a similar way: the measured diffraction pattern is equal to the ideal pattern, convoluted with the profile of the direct beam. This convolution corresponds to small shifts of the diffraction pattern; because all fringes shift by equal amounts, they are all affected equally. It appears that due to these effects the fringe amplitude decreases by a factor which is independent of s. Thus it is possible to separate the influence of polydispersity and the instrument response, because the dependences on s of the effects are different. The abscissa of the line in Figure 6 is a measure of the width ∆ of the beam profile. We find ∆ ) 0.72 ( 0.10 mm (r.m.s. width of a Gaussian beam profile). This is in reasonable agreement with the experimentally determined width of the direct beam on the detector, which is ∆ ) 0.60 mm (horizontally) and 0.38 mm (vertically).
The polydispersities for several dilute colloidal systems of nearly monodisperse spheres have been determined using SAXS (see Table 1 ). The ratio of DLS or TEM polydispersities to SAXS polydispersities as a function of the SAXS polydispersity is plotted in Figure 7 . Our data are in excellent agreement with the DLS data point obtained by Duke Scientific. This again confirms the validity of the SAXS technique. The error bars of the TEM ratios are based on the estimated error in the SAXS polydispersities and a relative error in the TEM polydispersities of 10%. 55 The TEM polydispersities are consistently larger than the corresponding SAXS polydispersities. The discrepancy gradually becomes larger with decreasing polydispersity. This can be explained from the method to determine polydispersities by TEM. TEM polydispersities are determined by measuring the diameters of a large number of particles on a grid and calculating the variance. The polydispersity is then computed as the root of the variance (i.e. the standard deviation) divided by the mean diameter. However, the (52) (54) The first fringe is expected to be a little bit higher, because the first fringe in a Porod plot of the form factor of a perfect sphere is also higher than the other fringes.
(55) The theoretical relative error in a TEM polydispersity is 1/(2k -2) 1/2 , where k is the number of particle diameters measured; for k ) 50 the relative uncertainty is ≈10%. The situation improves only slowly with particle number. 2(2πsrδ) 2 ) (except at low s, as expected), which is a straight line in this plot. The slope of the fit (solid line) yields the polydispersity, δ ) 2.3 ( 0.3%, in excellent agreement with the polydispersity specified by the manufacturer (2.1%, Duke Scientific). Figure 7 . Ratios of the polydispersities determined by transmission electron microscopy (TEM, O) or dynamic light scattering (DLS, Duke Scientific, 2) to the polydispersities determined by SAXS, as a function of SAXS polydispersity. The DLS polydispersity specified by Duke Scientific and the polydispersity determined by SAXS are in excellent agreement. The TEM polydispersities are consistently higher, which is probably due to the random error in the determination of the radius of each individual sphere. The two curves indicate the expected overestimation of the TEM polydispersity in the case of 2% or 3% random error in the determination of TEM radii.
variance of the measured diameters is not equal to the variance of the distribution of diameters but also includes an additional contribution due to the random error in the determination of the diameters of the individual spheres. Because the magnification of the microscope is usually adjusted according to the size of the particles, one would expect the absolute error to be proportional to the particle size. The resulting measured TEM polydispersity is then δ TEM ) (δ true 2 + δ err 2 ) 1/2 , where δ true is the true polydispersity of the particles and δ err is the uncertainty in a measurement divided by the particle size. We have calculated this δ TEM assuming that the SAXS polydispersity is correct and for a relative random error δ err in the TEM radii of 2 and 3%. The resulting TEM/SAXS polydispersity ratios are plotted in Figure 7 . The agreement with the experimentally observed ratio is striking. Hence we conclude that the small polydispersities determined by TEM are probably too high; i.e., they are rather an upper bound for the true polydispersity of the particles.
A subtlety of the determination of diameters by TEM is which length to take if the particles are not perfect spheres but for instance ellipsoids. There are several approaches to the problem: averaging the length of the long and short axes or gauging the width of a particle in a fixed direction. For SAXS, the form factor for an ellipsoid is identical to that of a sphere with an effective radius which varies between the smallest and largest radii of the ellipsoid depending on its orientation. 26 The effective diameter is the width of the ellipsoid in the direction of the scattering vector. Thus apparently the result for the "gauging" method for determining the TEM radii is similar to the effective radius of SAXS.
Because ellipsoids in a dilute suspension have no preferential orientation, the effective SAXS scattering cross section of an ellipsoid is similar to the cross section of a sphere averaged over a distribution of radii. This is equivalent to a polydispersity for perfectly round spheres, so a polydispersity determined by SAXS necessarily includes a possible contribution due to the ellipticity of the particles. The distribution of effective radii for randomly oriented ellipsoids with axes of length 2R, 2R, and 2νR is very asymmetric, but for axial ratios ν close to 1, numerical integration shows that the effective cross section is mainly determined by the second moment of the distribution. The effective polydispersity is approximately δ ) 0.3|ν -1|. The average effective radius (related to the first moment of the distribution) is the geometric average of the largest and smallest semiaxis, (ν + 1)R/2. Thus we see that the result for the "averaging" method for determining TEM radii is also very similar to the radius determined by SAXS and that (provided that the orientation of the ellipsoids on a TEM grid is random and ν ≈ 1) the "averaging" and "gauging" methods are equivalent.
C. Particle-Medium Interface. Measuring the scattering cross section out to large scattering vector s, i.e. more than just one fringe, in principle yields information at small length scales. If the polydispersity δ is not too large (<10%), then it is possible to look at the details of the spheres on a scale of rδ and sometimes even smaller. Some details have a pronounced effect on the SAXS diffraction pattern, even if the deviation from a perfect sphere of homogeneous density is small, for instance the presence of a smooth edge instead of a sharp one. So far we have assumed that the particles have a sharp edge, i.e. that the electron density abruptly changes at the interface to the medium. A smooth interface reveals itself immediately in the scattering cross section, as can be readily shown using the convolution theorem. The electron density of a particle with a smooth interface region can be constructed mathematically as the convolution of the electron density of a particle with a sharp edge and a smooth function which describes the blurring at the edge. The corresponding scattering cross section is the cross section of the particle with a sharp edge multiplied by the (squared) Fourier transform of the blurring function. If we take a Gaussian with a small width for the blurring function, then the cross section is multiplied by a broad Gaussian, so it starts to decrease faster than s -4 at high s. In a Porod plot like Figure 3 , spheres with a sharp edge would show a function which oscillates around a constant value, while the function would gradually decrease at high s if the edge were smooth. Note that the decrease affects the cross section as a whole, not just the oscillating terms as with polydispersity, so the effects of a smooth edge and polydispersity can be separated.
Since the Porod cross section in Figure 3 oscillates around a constant value, we conclude that the edges of these spheres are rather sharp. Considering the average Porod cross section of the polystyrene spheres to be constant to within ) 10% over the whole range of s in the figure, we estimate the width σ s of the interface-blurring Gaussian in reciprocal space from (exp(-s 2 /2σ s 2 )) 2 ) 1 -. Taking s ) 5 × 10 -2 nm -1 , the upper bound for the thickness of the edge (σ of the corresponding Gaussian in real space) is 1/(2πσ s ) ) 1.0 nm, so the density indeed changes abruptly at the edge of the polystyrene spheres. Similar values are obtained for Stöber-synthesized silica. For silica surfaces, the edge layer has been reported 56 to have a thickness of 1-2 nm, in agreement with our result.
D. Electron Density. The forward scattering cross section I(s f 0) is related to the difference in electron density of the medium and of the particles, n e , and the size and number of spheres in the scattering volume. 18 We can estimate the volume fraction of spheres in the liquid from the cross section using
The electron densities can be estimated from the number of atomic masses per proton M/Z and the mass density F. The densities for relevant materials are listed in Table 2 . The radius is determined with high accuracy from the positions of the minima and maxima in the Porod plot (Figure 3) . However, it is difficult to measure the forward scattering cross section because of the presence of the unscattered beam.
To estimate the forward cross section, the experimental cross section is extrapolated to s ) 0 using a Guinier plot (see Figure 2 , insets). The slope of (2πr/s) 2 in the Guinier approximation is estimated by using the radii determined in section III.A., cf. Table 1 
an excellent agreement between the data and the Guinier approximation. This also demonstrates that there are no saturation effects of the detector. Saturation effects usually occur near the beam stop and would reveal a decrease at small s and a deviation from the straight line. For the microemulsion-grown silica ( Figure 2b ) the Guinier slope is also in good agreement with the data, except for a small deviation at small s. This is possibly due to a small number of coagulated spheres ("dumbbells") that occur in microemulsion-grown dispersions 42 and that were detected by TEM. These composite particles are larger; hence, they give rise to scattering at low s. Furthermore the cross section of these particles is larger, proportional to the volume of the particle, which explains why a small number of them is detectable. In Figure 2c , the Guinier slope is in moderate agreement with the data. We have no explanation for the not so good agreement in Figure  2c in comparison with Figure 2a and b.
The forward scattering cross section can also be derived from the Porod plot, as a check. The 'average Porod cross section' (dotted line in the Porod plots, Figure 3) should correspond to the scattering cross section extrapolated to s ) 0 in Figure 2 . The data of Figure 2a give a forward scattering cross section of 8.2 × 10 5 sr -1 m -1 , in good agreement with the Guinier estimate of (7.5 ( 0.4) × 10 5 sr -1 m -1 . However, the calibration of the absolute intensities was probably incorrect during the first run, and this affects the measured cross sections. In a later run we have repeated our measurements on PS5020A, PS5022A, and PS5024A colloids in ethanol, paying due attention to the determination of absolute intensities. We have prepared suspensions with volume fractions of 0.1%. From the forward scattering cross section we derived a difference in electron density of polystyrene and ethanol of 66, 89, and 67 nm -3 , respectively, in excellent agreement with the expected value of (66 ( 8) nm -3 (cf. Table 2 ). This shows that absolute intensities can be measured accurately.
The scattering cross section of polystyrene-water systems is very low, because the electron density of the most common solvent, water, is very closely matched to that of polystyrene. The weak scattering of this ubiquitous colloidal system may well be a reason why there have been so few reports on SAXS and colloids. For PS5022A spheres in water we have determined the forward scattering cross section to be less than 1.5 × 10 3 sr -1 m -1 at a volume fraction of 0.1%, which corresponds to a difference in electron density of the polystyrene spheres and water of less than 2%. The associated mass density of the colloidal polystyrene is 1.03 ( 0.02 g cm -3 , in good agreement with the density quoted by Duke Scientific, 1.05 g cm -3 .
Knowing the cross section in the forward direction, the radius, and the polydispersity, it is possible to calculate the complete scattering cross section as a function of s. These theoretical cross sections are shown as solid lines in Figures 2 and 3 . The width of the detector profile is taken into account. The agreement with the experimentally observed cross sections is very good, especially for the polystyrene system, where it extends over more than 5 orders of magnitude. Only for the microemulsion-grown silica are there some small discrepancies, possibly caused by the presence of "dumbbells". We conclude that the cross sections of both polystyrene and Stöber silica systems are completely consistent with those of homogeneous, nearly monodisperse spheres with a sharp edge. Such a comparison of experimental and theoretical cross sections is quite a severe test, as will be demonstrated in the next section.
E. Internal Structure. An attractive capability of SAXS is the ability to examine the internal density of the spheres, e.g. to see whether the spheres consist of shells of different density. In such situations one traditionally resorts to neutron scattering while trying to match the scattering potential of one of the shells with that of the suspension liquid. 27 The technique of contrast matching can be applied to advantage with SAXS as well. [29] [30] [31] [32] [33] In fact, contrast matching is indispensable for detecting small density differences, as was demonstrated brilliantly in the experiments by Ballauff et al. [29] [30] [31] [32] [33] Here, we show that it is in some cases possible to detect inhomogeneities even without matching. This is probably feasible due to a considerable density difference.
As an illustration, the Porod cross section of a dilute suspension of silica spheres (SC150 in Table 1 ) is shown in Figure 8 . These spheres have had no special treatment, but the cross section is totally different from the cross sections of the other spheres (cf. Figure 3) . Similar silica systems (for instance SC200) give scattering patterns in accordance with that of homogeneous spheres, so there is something peculiar only with the SC150 system. As a check, we measured diffraction patterns for the same SC150 spheres in different liquids and at several different volume fractions, but the cross sections were identical.
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The cross sections clearly show two oscillations corresponding to different length scales, a fast one corresponding to a sphere radius of about 95 nm and a slow one corresponding to 35 nm. An interesting feature of the scattering cross section in Figure 8 is that, at a wave vector s of about 1.5 × 10 -2 nm -1 , the amplitude of the fringes has a minimum. Spheres consisting of a core and shell may show a minimum in the fringe amplitude as in Figure  8 . Moreover, such a core-and-shell electron density is a reasonable assumption in view of the fact that silica spheres are often synthesized in steps, growing additional layers of silica on smaller particles until the desired diameter is reached. If the scattering cross section were a sum of several contributions, for instance if the sample were a mixture of two suspensions of nearly monodisperse spheres of different radii, then the amplitude of the fringes would decrease monotonously with increasing s.
The scattering cross section of a core-and-shell sphere can be easily calculated using the result for a homogeneous (57) The small difference in electron density between the liquids used (DMF and water), as compared to the density of silica, does not cause significant changes in the shape of the scattering cross section. sphere (eq 1 and 2): the excess electron density of the core-with-a-shell sphere can be made up of two homogeneous spheres, one having the radius of the core and the other having the outer radius. The scattering cross section is then where x ) 2πsr with r the radius of the core, d is the thickness of the shell, b ) d/r is the thickness of the shell as a fraction of the core radius, N e is the number of excess electrons in the core, and ν is the electron density difference between the shell and the liquid as a fraction of the core excess electron density difference. Naturally, this cross section should be averaged over the distribution of core radii and shell thicknesses, and attention should be paid to the blurring due to the finite resolving power of the instrument. Instead of only one polydispersity, we now have three polydispersity parameters because variations in the core radius and shell thickness may be correlated. We chose to take two polydispersities, one for variations of the core radius and one for variations in the shell thickness, and a parameter c that accounts for a possible correlation, as follows:
where ∆r ) r -〈r〉 and ∆d ) d -〈d〉. The correlation coefficient c lies between -1 and +1. If c ) 0, then the shell thickness is uncorrelated with the radius of the core. A fit to the core-shell model thus constructed (i.e. eq 4 averaged over a Gaussian distribution in r and d with polydispersities as indicated above) is shown in Figure 8 . The fringe amplitude indeed has a minimum as a function of the scattering vector s. The calculated curve represents the observed scattering cross section reasonably well, although there are some discrepancies at small and large s. These may be caused by additional shells or density gradients in a sphere.
The calculated scattering cross section corresponds to spheres with a core radius r of 101 ( 2 nm and a shell thickness d of 37 ( 2 nm. Summing these values, one arrives at a total radius of 138 nm, slightly different from the value determined from the positions of the minima and maxima, 145 ( 3 nm, quoted in Table 1 . The synthesis of the SC150 spheres was done in more than one step. Fortunately, the radius was measured before and after the last synthesis step. SLS measurements yielded radii of 101 ( 7 and 148 ( 7 nm, respectively, in good agreement with the radii of the core and shell determined from the SAXS data. From the SAXS data we can also determine the ratio of the core and shell excess electron densities. It appears that the electron density difference between the shell and the liquid is ν ) 81 ( 3% of the excess electron density of the core. Using the electron densities of water and silica in Table 2 , one estimates a mass density ratio of the shell and core of 92 ( 2%. This is a rather large difference in density, considering that the layers were grown using the same synthesis method. On the other hand, there is a comparable variation in the experimentally determined densities of colloidal silica. 24, 39, 43, 58 For the polydispersities of the core and shell of the curve shown in Figure 8 we have taken δ r ) 1.7% and δ d ) 18%, but these values are not very accurate. The parameter c, that accounts for the correlation between variations of the core radius and variations of the shell thickness, was set at +1. The correlation coefficient c has to be definitely different from zero to reproduce the experimental results. If c ) 0, then the observed typical modulation of the fringe amplitude is not reproduced. However, a model with c ) -1 instead of +1 and a slightly different δ d yields a very similar curve. This leads to the conclusion that the thickness of the shell is correlated to the size of the core; i.e., the polydispersity of the spheres will change when a new layer is grown, but it is not possible to determine whether it will increase or decrease. A decrease in polydispersity is expected, on the basis of the growth mechanism.
41 The large value for δ d in combination with the large correlation coefficient suggests that our model is probably a simplification of the true structure of the spheres. Nevertheless, our simple model demonstrates that it is in principle possible to detect with SAXS the influence of the size variation of the core particle on the thickness variation of a layer added in a next synthesis step.
IV. Conclusions
We have shown that the technique of synchrotron smallangle X-ray scattering (SAXS) is very well suited for the characterization of colloidal spheres. The size of colloidal spheres can be determined in situ and with high accuracy. We have determined the radii of many different kinds of colloidal spheres from the positions of the minima and maxima of the differential scattering cross section as a function of wave vector. The radii are in excellent agreement with those determined by SLS. TEM consistently yields radii that are smaller and DLS yields radii that are larger than the radii determined by synchrotron SAXS.
We have presented a straightforward method to deduce the size polydispersity of nearly monodisperse (polydispersity <10%) spheres from a Porod plot of the differential scattering cross section. A comparison with polydispersities determined by electron microscopy shows that the new method makes it possible to accurately determine even very small polydispersities (∼2%). Moreover, our data suggest that TEM polydispersities are an upper bound to real polydispersities.
We have shown that it is possible to study the sharpness of the outer edge of the spheres. The thickness of the edge of polystyrene spheres of 100 nm radius was estimated to be less than 1 nm. Similar thicknesses are observed for silica spheres, in agreement with observations on silica surfaces. Thus, picturing polystyrene and silica spheres as objects with an abrupt edge is justified.
A Guinier plot was used to determine the forward scattering cross section, which in turn yields the volume fraction or the excess electron density of the spheres. The excess electron densities of several systems including the closely matched system polystyrene and water were obtained, in good agreement with literature data.
Using our data, we have calculated the scattering cross section as a function of wave vector, assuming that the spheres are homogeneous and that they have a sharp edge. The agreement of the calculated curves with the experimentally observed cross sections is excellent, especially (58) 
for the polystyrene system where the agreement extends over 5 orders of magnitude.
As an example of a more complicated system, we have discussed a suspension of silica spheres which show a peculiar modulation in the cross section, caused by an inhomogeneous intraparticle density. The qualitative features of the cross section were captured by supposing that the spheres consist of a core surrounded by a shell of less dense material. This is a reasonable assumption because the spheres were synthesized by subsequent growth of silica layers. The core radius is in agreement with the size determined before the last synthesis step using static light scattering. The core radius, the shell thickness, and the ratio of the density of core and shell could be obtained even without contrast matching with the suspension liquid (i.e., in situ). The model indicates that the variations in core radius and shell thickness are correlated, as expected from the growth mechanism.
